Introduction
Organic solar cells (OSCs) have attracted a great deal of attention from both academia and industry as an emerging green and sustainable energy source [1] [2] [3] . OSCs offer the attraction of earth-abundant constituents and can be fabricated using solution-based processing techniques, such as high throughput roll-to-roll manufacturing, which greatly reduces device fabrication cost [4, 5] . At meantime, the solution-based processing techniques enable device fabrications at low temperature, thus rollable and exible devices can be obtained when the solar cells are integrated onto plastic substrates [6] . Since the inception of OSCs in 1980s [7] , remarkable progresses have been made in terms of understanding of device operation mechanisms [8, 9] , engineering of device structures [10, 11] , development of new organic semiconductors [2, 12] , and improvement of device performances [1, 13] . The most promising device performances have been achieved with active regions congured in a bulk heterojunction (BHJ) networks [14] of intermingled π-conjugated polymer electron donors and high electron-a nity fullerene electron acceptors [15] - [17] . Now power conversion e ciencies (PCEs) of 9.2% [11] and 10.6% [18] have been achieved in single active layer devices and tandem devices, respectively. In comparison to polymer solar cells (PSCs), small molecule solar cells typically show inferior device performance with PCEs <2% [19, 20] . With rapid progresses achieved recently, small molecule solar cells have exhibited PCEs of~8%, which are now comparable to those from polymer solar cells [21] [22] [23] [24] .
Although signi cant progresses have been made in the last two decades, the large scale implementation of organic solar cells in industry is mainly limited by the relatively low power conversion e ciencies (PCEs) [25] . The PCE (ηe) is de ned as the ratio of the power produced by a solar cell and the power of incident sunlight (P in ) [26] . The power produced by a solar cell is the product of three performance parameters: open-circuit voltage (Voc), shortcircuit current (Jsc), and ll factor (FF) [1, 26] .
In order to achieve high PCEs, organic semiconductors should have narrow bandgaps to maximize the absorption of solar irradiations [1, 27] . The semiconductors having narrow bandgaps will facilitate exciton formation, and the following exciton dissociation at donor/acceptor interfaces will promote the generation of free charge carriers and thus enlarge the short-circuit current (Jsc) [1, 2] . Many factors play roles in determining open-circuit voltage (Voc) in OSCs [28, 29] , but it is found that the open-circuit voltage (Voc) is highly related to the energy o set between the HOMO of electron donor materials and the LUMO of the electron acceptor materials [30] . Therefore organic electron donor semiconductors having low-lying HOMOs will lead to enlarged Vocs of the resulting solar cells [31] [32] [33] . However, lowering the HOMOs usually leads to bandgap broadening, which re ects the intrinsic tradeo between the Jscs and Vocs [34, 35] . As the equation 1 shows, enhancing ll factors (FFs) would be an e ective strategy to increase the PCEs of OSCs. However it represents a significant challenge since only a few OSCs achieve FFs close to 75% [36] [37] [38] [39] . The ll factors of organic solar cells are related to active layer morphology and charge carrier mobility. The low charge carrier mobility of organic semiconductors and the disordered lm morphology of solutionprocessed organic solar cells limit the sweepout of charge carriers, and result in low FFs [13, 40] . The bandgaps and energy levels of frontier molecular orbitals (FMOs) of organic semiconductors are the primary consideration for designing high performance semi- conductors [1] . Among di erent strategies for tuning the bandgaps and FMO levels, the donor-acceptor strategy is the most e ective one and is widely used in materials design [1, 2, 27, [41] [42] [43] . By combining di erent electron donor units with electron acceptor counits, the resulting organic semiconductors exhibit the variation of bandgaps over a broad range with the bandgap smaller than 0.5 eV achieved [44] . The FMO levels can also be tuned widely as many organic semiconductors show p-to n-type characteristics [42, [45] [46] [47] .
In the pursuit of high performance organic semiconductors for solar cell applications, the design and synthesis of novel building blocks, both electron donor and electron acceptor units play pivotal roles [48] [49] [50] [51] [52] . Among various electron donor units, benzo[1,2-b:4,5-b′]dithiophene (BDT) [53] (Figure 1 ) has shown great sucess in creating high performance solar cell materials [54] , the BDTcontaining materials represent one of the most important classes of organic semiconductors for OSC applications [2, 31] . The fused and symmetric structure of BDT units leads to high degree of backbone coplanarity, and tight and regular packing. Such packing motif results in high charge carrier mobility [52] , which is bene cial for achieving high Jscs and FFs in OSCs [13, 55] . The facile alkylation on the BDT unit o ers useful solubility of the resultant semiconductors [48, 53] . Therefore a variety of electron acceptor counits can be copolymerized with benzodithiophene, even the acceptor units without solubilizing chains [56] . The high aromatic resonance energy of the benzene unit (1.56 eV) in BDT can suppress the population of the quinoidal structure [41, 50] , thus the resultant organic semiconductors possess low-lying HOMO levels and thus enlarged Vocs in solar cells, which should bene t PCE enhancements [41] . These characteristics lead to benzo[1,2-b:4,5-b′]dithiophene as one of the most useful electron donor units for constructing high performance organic semiconductors, and many promising PCEs including the highest PCE of 9.2% have been achieved from benzo[1,2-b:4,5-b′]dithiophene-based organic semiconductors [11, 57] .
In comparison to benzodithiophene, naphthodithiophene ( Figure 1 ) has more extended π-conjugated system and larger planar heteroarene structure. Such structure can result in high degree of ordering, strong intermolecular interaction, extended π-orbital overlapping, and en- hanced charge transport capability. Theoretical investigation indicates the great potential use of naphthalene as core unit for organic electronics [58] . Naphthalenebased semiconductors achieve higher charge carrier mobilities than benzene-based counterparts in organic thinlm transistors [59, 60] . Naphthodithiophene units have been extensively used as a building block for constructing organic semiconductors, both small molecules and polymers, recently [61] . Promising charge carrier mobilities are obtained from naphthodithiophene-based semiconductors in organic thin-lm transistors (OTFTs) [62, 63] . Furthermore, naphthodithiophene (NDT) shows greater versatility towards structure modi cations than benzodithiophene (BDT) since there are more opening sites on NDT. Naphthodithiophene can be functionalized with strong electron withdrawing units such as diimide groups [64] and the functionalization can be carried out at various positions [65] [66] [67] [68] . In spite of these promising characteristics, in comparison to BDT-based organic semiconductors, NDT-based semiconductors received much less attentions in organic solar cells, which is likely due to the lack of practical synthetic routes to the NDT units. Recently developed synthetic routes to various naphthodithiophene isomers [61, 65, 66] have enabled the community to investigate this novel class of organic semiconductors, and promising device performance with power conversion e ciencies greater than 8% has been achieved in OSCs. The results show the great potentials of naphthodithiophene core for creating high performance solar cell materials. This review will cover the recent research of naphthodithiophene-based organic semiconductors, both small molecules and polymers, for solar cell applications. The synthetic routes to various unsubstituted and alkylated/alkoxylated naphthodithiophene derivatives will be introduced. Organic semiconductors created from three naphthodithiophene (NDT) isomers, i.e. naphtho [2,3-b:6,7-b′] dithiophene, naphtho[1,2-b:5,6-b′]dithiophene, and naphtho[2,1-b:3,4-b′]dithiophene, will be discussed. The shape of NDTs and the curvature of the corresponding semiconductors greatly impact materials packing, the FMO energy level, charge carrier transport, and power con-version e ciency. The materials structure-property-device performance correlationship of the NDT-based organic semiconductors will be elaborated. Comparisons between BDT and NDT-based semiconductors will be made in order to better understand the structure-property correlationships of NDT-based semiconductors. We hope this review will attract more attentions to this new class of organic semiconducting materials and provide insights into the design of high-performance NDT-based semiconductors for solar cell applications.
Naphtho[2,3-b:6,7-b′] dithiophene-based organic semiconductors
The promising device performance of benzo [ [62] . The commercial available 2,6-dihydroxynaphthalene 1 is brominated to give 1,3,5,7-tetrabromo-2,6-dihydronaphthalene 2, which is selectively debrominated at 1,5 positions using tin to provide 3,7-dibromo-2,6-dihydroxynaphthalene 3. The hydroxyl group on compound 3 is then converted to corresponding tri uoromethanesulfonyloxy (tri ate) group, which shows higher reactivity towards Sonogashira coupling than bromide group. The chemoselective Sonogashira coupling on the tri ate sites yields in diethynyl compound 5, The nal ring closing reactions using sodium disul de produce naphtho [2,3-b:6,7 -b′]dithiophene 6 in high yield. Finally, stannylation at 2 and 7 positions (α-positions of the thiophene substructure) of 6 a ords the trimethyltin naphtho[2,3-b:6,7-b′]dithiophene 7. The access of 7 enables creation of a family of naphtho [2,3- 
The naphtho[2,3-b:6,7-b′]dithiophene-based organic semiconductors show substantial charge carrier mobility with µ h greater than 0.5 cm /Vs in OTFTs [61] , but their application in OSCs have not been reported. As a promising electron donor unit, incorporation of unsubstituted naphtho [2,3- [65] , and the synthetic route is depicted in Scheme 2a. Lithiation of 2,6-dibromo-1,5-bis(alkoxy)naphtho [2,3-b:6,7 b′]dithiophene 8 [70] and the following treatment with bis(2,2-diethoxyethyl)disul de provide the intermediate 9, which then undergoes Pomeranz-Fritsch type cyclization reaction to give 5,10-bis(alkoxy)naphtho [2,3-b:6,7 -b′]dithiophene 10. 10 is lithiated using nBuLi and quenched with Me SnCl to provide the trimethyltin derivative 11, which enables synthesis of 5,10-bis(alkoxy)naphtho[2,3-b:6,7-b′]dithiophene-based organic semiconductors for solar cell applications [65] . In this methodology developed by Marks, the main limit is the low reaction yield during the cyclization, which is typical lower than 20%.
The 5,10-bis(alkoxy)naphtho[2,3-b:6,7-b′]dithiophenebased organic small molecule was synthesized by coupling 11 with thiophene-capped diketopyrrolopyrrole (DPP) under Stille condition [65] . The use of DPP is due to its strong electron withdrawing capability. The material M1 (Figure 3) shows high molar absorption coe cient and broad absorption over the visible range. The optical bandgap estimated from absorption onset is 1.72 eV. Due to the strong electron withdrawing capability of DPP unit, the semiconductors possess a low-lying HOMO of -5.40 eV. Wide-angle X-ray di raction (WAXRD) indicates that M1 lm has long-range order. The charge carrier mobility of M1 was characterized by fabricating OTFTs and a hole mobility of 7.18 × 10 − cm /Vs was achieved on hexamethyldisilazane (HMDS)-modi ed SiO substrate. The mobility is among the highest for solution-processed high-performance OSC small molecules [71] . When blending with fullerene derivative [6, 6] [72] . The polymer has number average molecular weight (Mn) of 31.6 kDa and good solubilities in common organic solvents. Due to the high degree of coplanarity and intensive intermolecular interaction, the polymer M2 shows strong aggregation in solution. The polymer has an optical bandgap of 1.36 eV, which is slightly larger than that (1.32 eV) of the benzo[1,2-b:4,5-b′]dithiophene-based polymer counterpart [72] . The absorption pro le of M2 is broader and more intense than benzo[1,2-b:4,5-b′]dithiophene-based polymer counterpart, which should bene t solar light harvesting. The slightly larger bandgap of M2 is attributed to the slightly weaker electron-donating property of the NDT unit as compared to the BDT moiety. The weaker electrondonating ability of NDT lowers the HOMO (−5.33 eV) of M2 (versus -5.16 eV for BDT polymer counterpart) [72] . X-ray di raction (XRD) characterization of polymer lm indicates that M2 lm has shorter d-spacing than BDT polymer lm, which is likely due to the relaxed and crisscrossed arrangement of alkoxy chains on the di erent phenyl units of NDI. The shorter π-π distance of 3.8 Å in NDT-based polymer M2 (versus 4.1 Åin BDT-based polymer) is due to the π-extended and larger planar NDT-induced greater van der Waals force and stronger π-π interaction of polymer backbone. Such lm morphology leads to enhanced charge carrier mobility of M2 (4. [40, 73] . Therefore in comparison to BDT, NDT can lower the HOMO level of the resulting polymer and therefore enlarge Voc. The fused and extended π-structure of naphtho[2,3-b:6,7-b′]dithiophene leads to the resulting polymer with ordered π-π stacking and stronger intermolecular interaction, which bene t the charge transport and enhance Jsc and FF in solar cells. Due to the narrow bandgap, M2 was used for fabricating tandem solar cell with an inverted structure of ITO/ZnO/PBDTFBZS:PC BM/PEDOT:PSS/ZnO/M2: PC BM/MoO /Ag, in which PBDTFBZS is a large bandgap polymer semiconductor. The M2:PC BM rear cell shows a PCE of 6.35% and the tandem cell exhibits a PCE of 9.4% with a Voc of 1.59 V, a Jsc of 9.1 mA/cm , and a FF of 65% [74] Naphtho[2,3-b:6,7-b′]dithiophene with alkoxy substituents on 4 and 9 positions is also synthesized for creating semiconducting materials for OSC applications, and the synthetic route to this monomer is depicted in Scheme 2b [69] 1,5-dimethoxynaphthalene-2,6-dicarboxaldehyde [75] is reacted with N,Ndimethylethylene diamine to a ord compound 13, which is subjected to lithiation using t-BuLi and then is reacted with 1,2-dibromotetrachloroethane to provide dibrominated compound 14. The methoxy group on 14 is converted to longer alkoxy chains for better materials solubility. The obtained 15 is reacted with ethyl-2-mercaptoacetate to provide diethyl ester 16. Removal of ester group a ords the 4,9-bis(alkoxy)naphtho [2,3-b:6,7-b′] The benzodihiophene-based polymer counterpart shows lower PCE of 3.4%, but a larger Voc of 0.78 V. Both polymers show moderate FFs of~50%, which can be attributed to the low hole mobilities of these polymers. The hole mobilities of these polymers can be improved by optimizing the side chains, and higher PCEs can be expected [76] . The study indicates that naphtho[2,3-b:6,7-b′]dithiophene is a promising building block for high performance organic semiconductors. As a novel electron donor unit, substantial charge carrier mobilities have been obtained from unalkylated naphtho[2,3-b:6,7-b′]dithiophene-based semiconductors, no study has been reported using it as building block for solar cell materials. Due to the fused and extended π-core of naphtho [2,3-b:6,7-b′] dithiophene, the counits should be wisely chosen in order to achieve the desired solubility and lm morphology. Both 4,9-and 5,10-bis(alkoxy)naphtho [2,3- [77] . Instead of dibromination, 2,6-dihydronaphthalene is dichlorinated to a ord 1,5-dichloro-2,6-dihydronaphthalene 19, which is followed by tri ation of hydroxyl groups. The dichlorinated compound 20 bene ts the chemoselectivity at the tri ate sites in the next Sonogashira coupling step because the lower reactivity of chlorine groups in comparison to the bromine groups leads to large di erence in reactivity against triate group. The diethynyl compound 21 is then subjected to the same ring closing reaction as 5 and the following distannylation a ords the trimethyltin compound 23, which can be used for the synthesis of naphtho [1,2- 
The rst naphtho[1,2-b:5,6-b′]dithiophene-containing organic semiconductors for OSCs were reported by Lee et al [78] . The semiconductors M4 and M5 contain thiophene-anked NDT as the electron donor unit and benzothiadiazole or triphenylamine-capped benzothiadiazole as the electron acceptor unit. The attachment of triphenylamine leads to broadened absorption prole of compound M5 and reduced the optical bandgap from 2.16 eV to 1.96 eV. When blended with PCBM, the emission of molecules M4 and M5 were signi cantly quenched, indicating their potential use as donor materials in OSCs. Photovoltaic performance of these materials were investigated by fabricating BHJ OSCs using a con guration of ITO/PEDOT:PSS(40 nm)/M4 (or M5):PC BM/LiF(0.5 nm)/Al(120 nm). Optimal performances were achieved with a donor/PC BM ratio of 1:4 anked bisthiophenylbithiazole as conjugated terminal segments connected through decylthiophene [79] . The bandgaps estimated from the absorption onsets are 1.99 and 2.02 eV for M6 and M7, respectively. Therefore, the incorporation of the triphenylamine has a negative effect on reducing the bandgap of these bithiazole-based semiconductors, which is contrary to the benzothiadiazole and naphtho[1,2-b:5,6-b′]dithiophene-based semiconductors M4 and M5 [78] . Film microstructure was investigated by X-ray di raction (XRD), and the di raction patterns indicate that the incorporation of triphenylamine leads to lower degree of ordering and enlarged π-π stacking distance for M7. Charge carrier mobilities measured from OTFTs are 1.5 × 10 − and 2 × 10 − cm /Vs for M6 and M7, respectively, which are in accordance with their lm microstructure. The photovoltaic performance was evaluated by fabricating BHJ OSCs with device con guration of ITO/PEDOT:PSS/M6 (or M7):PCBM/LiF/Al. The cells show moderate performance with PCEs of 1.09% and 1.62% for M6 and M7, respectively. The enhanced device performance of M7 in comparison to M6 is attributed to improved phase separation in M7/PCBM blend lm. Using thiazolothiazole as electron acceptor unit, a new organic semiconductor M8 was synthesized via sequential Suzuki and Stille coupling reactions [80] . The replacement of bithiazole with thiazolothiazole shows negligible impacts on the materials solubility, electro-optical properties, and lm morphologies. The hole mobility of M8 measured from OTFTs is 2 × 10 − cm /Vs, which is comparable to that of bithiazole-based semiconductor analogue M7. Using M8 as the electron donor and PC BM as electron acceptor, the BHJ OSCs achieve a PCE of 1.44% with a Jsc of 5.10 mA/cm , a Voc of 0.75 V, and a FF of 38%. The moderate device performance of these benzothiadiazole, bithiazole, and thiazolothiazole-based small molecules M4-M8 in OSCs are mainly limited by their relative large bandgaps and low charge carrier mobilities, which lower the Jscs and FFs. Naphtho[1,2-b:5,6-b′]dithiophene was incorporated into polymer semiconductors for applications in BHJ OSCs. Benzothiadiazole (BTz) and naphthobisthiadiazole (NTz), a doubly BTz-fused heteroaromatic ring, are chosen as the acceptor units to create two polymer semiconductors M9 and M10 (Figure 4 ), respectively. Polymers were synthesized under Stille coupling and show good solubilities in common organic solvents when appropriate side chains were used on the bridging thiophene units [81] . Using naphthobisthiadiazole as acceptor unit, the polymer M10 shows broader absorption and red-shifted λmax of 632 nm compared to the benzothiadiazole-based polymer analogue M9. The optical bandgaps estimated from absorption onset are 1.7 and 1.6 eV for the benzothiadiazole and naphthobisthiadiazole-based polyemers, respectively. The ionization potentials (IPs) measured from photoelectron spectroscopy in air are 5.15 and 5.25 eV for M9 and M10, respectively. Therefore, the stronger electron withdrawing ability of naphthobisthiadiazole results in lower HOMO of M10. Charge carrier mobilities measured from OTFTs are~0.1 and 0.5 cm /Vs for the M9 and M10, respectively. BHJ OSCs were fabricated by spin-coating the polymer/PC BM solution in o-dichlorobenzene. The benzothiadiazole-based polymer M9 shows a PCE of 3.8% with a Jsc of 8.4 mA/cm , a Voc of 0.70 V, and a FF of 64%. The naphthobisthiadiazole-based polymer M10 shows improved PCE of~4.9% with a Jsc of ∼11.3 mA/cm , a Voc of ∼0.83 V, and a FF of 52%. The higher Jsc and Voc in the M10-based OSCs are attributed to its reduced bandgap and lower-lying HOMO, respectively. The lm morphology investigation using two-dimensional grazing incidence Xray di raction (2D-GIXD) indicates that both M9 and M10 have close π-π stacking distance of 3.5 Å. However the benzothiadiazole-based polymer M9 adopts a preferential face-on orientation in the polymer/PCBM blend, which should enhance the out-of-plane charge transport. The naphthobisthiadiazole-based polymer M10 has no preferential orientation, implying the relatively low out-of-plane charge transport. Such morphologies are in accordance with their FFs of the corresponding solar cells.
Quinoxaline and thiophene-bridged naphtho[1,2-b:5,6-b′]dithiophene-containing donor-acceptor copolymer M11 was designed for BHJ OSC application [82] . Hexadecyl was installed on the thiophene bridge for better materials solubility, and the resulting polymer M11 has a Mn of 12. The DPP doubly-terminated 4,9-bis(alkoxy)naphtho[1,2-b:5,6-b′]dithiophene-containing donor-acceptor-donor small molecule M17 was synthesized and has a bandgap of 1.70 eV, which is comparable to that of the linear naphtho[2,3-b:6,7-b′]dithiophene-based counterpart M1 [65, 66] . Cyclic voltammetry measurement indicates that the angular NDT-based semiconductor M17 has 0.1 eV higher HOMO level than linear NDT-based analogue M1. Solar cell was then fabricated using conventional device architecture of ITO/PEDOT:PSS/M17:PC BM/LiF/Al and achieved a PCE of 4.4% with a Jsc of 11.7 mA/cm , a Voc of 0.755 V, and a ll factor of 50.1%. The use of angular naphtho[1,2-b:5,6-b′]dithiophene increases both Jsc and FF, but slightly lowers Voc. The hole mobilities from OTFT and space-charge-limiting-current (SCLC) measurements indicate enhanced transport capability of angular NDTbased semiconductor than linear NDT-based counterpart as neat lm and blend lm with PC BM. The incorporation of angular-shape naphthodithiophene units results in more ordered microstructure and therefore higher hole mobility [63, 66] . In M17-based solar cells, the big free energy di erence between the singlet photoexcited state of the donor material and the charge-separated state leads to e cient exciton separation and greatly prevents parasitic germinate electron-hole recombination [86] . The high hole mobility and large free energy di erence are in accordance with the enhanced Jscs and FFs.
Although the FF of M17-based OSCs is improved in comparison to M1-based OSCs, the FF is still limited tõ 50% in M17-based OSCs. The impedance spectroscopy investigation of OSCs indicates that the low FF is mainly due to the limited charge transport in the bulk and energy mismatches between the HOMO of donor material and work function of PEDOT:PSS interfacial layer [87] . The result demonstrates that 4,9-bis(alkoxy)naphtho[1,2-b:5,6-b′]dithiophene is promising building block for constructing high-performance solar cell materials.
Li et al. designed and synthesized a copolymer M18 containing a angular 4,9-bis(alkoxy)naphtho[1,2-b:5,6-b′]dithiophene as the donor unit and thieno [3,4-c] pyrrole-4,6-dione (TPD) as the acceptor counit [88] . The strong electron withdrawing capability of TPD units results in a low-lying HOMO (−5.38 eV) for M18, but the polymer possesses a broad optical bandgap of 2.04 eV. The bandgap of M18 is slightly wider than the polymer analogue M3 containing a linear naphthodithiophene. The broad bandgap of M18 re ects the limited population of quinoidal form. Using o-dichlorobezene with 1% DIO as the processing solvent, the solar cells with device structure of ITO/PEDOT:PSS/M18:PC BM/Ca/Al exhibit promising device performances with a Jsc of 9.03 mA/cm , a Voc of 0.91 eV, a FF of 64%, and a PCE of 5.26%. The PCE is the highest one reported for PSC based on polymer donor with a bandgap greater than 2.0 eV, which indicates a potential as front cells in tandem solar cells. The same group report the polymer semiconductor incorporating 4,9-bis(2-ethylhexyloxy)naphtho[1,2-b:5,6-b′]dithiophene anked with thiophene as electron donor unit and benzodiathiazole (BT) or benzoxadiazole (BO) as electron acceptor unit for solar cell application [90] . The resulting polymers M19 and M20 show good solubility, high thermal stability, and a bandgap of 1.76 eV. The bandgap of BT/BO-based polymers M19 and M20 is substantially smaller than that of TPD-based polymer M18, which can be attributed to the stronger electron-withdrawing capability of BT/BO units than TPD unit. The replacement of benzodiathiazole by the stronger electron-accepting benzoxadiazole leads to lower HOMO level of M20. The OTFT measurements indicate that M19 and M20 have substantial hole mobility of 0.3-0.4 cm /Vs. The mobilities are among the highest values from naphthodithiophene-based polymers, which herald the great potential of these polymers for solar cell applications. Bulk heterojunction polymer solar cells with a con guration of ITO/PEDOT:PSS/M19 (or M20):PC BM/Ca/Al were then fabricated to investigate A copolymer M25 ( Figure 5 ) containing 5,10-bis(alkyl)naphtho[1,2-b:5,6-b′]dithiophene anked with thiophene as donor and naphthobisthiadiazole as acceptor was synthesized, and the polymer has a Mn of 36 kDa with greatly enhanced solubility enabled by the introduction of the alkyl chains on the naphthodithiophene core. The optical bandgap derived from the absorption onset is 1.68 eV. The HOMO measured by photoelectron spectroscopy is −5.22 eV, which is identical to the polymer counterpart M10 without alkyl chain on the NDT core. Therefore the introduction of alkyl chains shows minimal perturbation on the HOMO level and optical bandgap. The hole mobilities of M25 measured from the neat polymer are 0.1 and 1.7 × 10 − cm /Vs in the OTFT and SCLC regimes, respectively. The hole The polymer analogue having longer 2-decyltetradecyl on the anking thiophene was also synthesized, which shows optimal PCE of 4.1%. The results manifest the signi cance of tuning the side chain for performance improvement. Using PC BM as electron acceptor material, M25-based solar cell shows slightly inferior performance with PCE of 7.5%. It was interesting to note that FF remained >60% as the lm thickness exceeds 300 nm, which is attributed to the exceptional hole mobility of M25. Film morphology investigation using twodimensional grazing incidence X-ray di raction (2D-GIXD) indicates that M25 has a crystalline π-stacking structure with a close π-π stacking distance of~3.5 Å. On the basis of the di raction patter, the alkylated naphthodithiophenebased polymer M25 adopts a face-on manner, which is in marked contrast to the edge-on orientation of the nonalkylated naphthodithiophene polymer counterpart M10 in the polymer/PCBM blend. Such lm microstructure is in good accordance with the high charge carrier mobility of M25 in the out-of-place direction, which leads to the enhanced Jsc, FF, and PCE for the M25-based solar cells.
Furan-based organic semiconductors have shown improved materials solubility and promising device performance in comparison to the thiophene-based counterpart [95] . The device performance of the benzothiadiazole-based donor-acceptor polymer is substantially higher than that of donor-donor polymer, re ecting the signi cance of the donor-acceptor strategy for reducing the bandgap. Thieno [3,4-b] thiophene (TT), a monomer having high tendency to form quinoidal structure [2] , was incorporated into polymer backbone containing naphtho [2,1-b:3,4-b′] dithiophene as electron donor unit, and the resulting polymers M31 and M32 have a narrow bandgap of~1.40 eV. However, BHJ solar cells using M31 or M32 as electron donor layers show low device performance with PCE less than 1%, which is likely due to the lower Mn, unoptimized side chains, and low hole mobility [99] .
The results indicate that materials optimization to achieve high PCE is a convoluted process. Alkylated thiophene bridge can improve the polymer solubility, and hence increase the molecular weight. of M33-based solar cells is substantially higher than that from M30-based cells. The incorporation of the alkylated thiophene bridge in M33 leads to its better materials solubility, three times higher Mn, greatly improved charge carrier mobilities as compared to those of M30, which account for the enhanced device performance of M33-based solar cells. The results highlight the bene ts of incorporating alkylated thiophene bridge for performance improvement. The same group further investigated the impacts of side chains on the device performance of a family of polymers. A library of six polymers having identical backbone as M33, but with varied side chains were synthesized [101] . It was found the side chains can greatly impact the Vocs and Jscs of the solar cells, depending on the length and shape of these alkyl chains. Long and branched chains would weaken the intermolecular interactions, result in small pre-exponential dark current terms (Jscs) and bene t Vocs. Short and straight side chains would promote intermolecular interaction, which increases the Jscs at the expense of Vocs. It is found that short and branched 2-ethylhexyl chains can keep the desirable balance between Vocs and Jscs to reach optimal PCEs.
Thiadiazolo [3,4-c] pyridine, a stronger electron acceptor unit [102] , was incorporated into polymer backbone for tuning the bandgap and FMO level of semiconductors for performance improvement in OSCs [103] . The new polymers M34 contains alkylated thienyl-anked naphthodithiophene for improved solubility and increased molecular weight. The new thiadiazolo [3,4- 16 mA/cm is remarkable considering PC BM is used as electron acceptor layer. Increased Jsc is possible to obtained when PC BM is employed to replace PC BM. Polymer semiconductor M35 containing a uorinated benzothiadiazole as electron acceptor was synthesized, and a detailed study on the uorine substituent e ects on opto-electrical property of polymer and photovoltaic property of polymer solar cells was carried out [104] . The incorporation of uorinated benzothiadiazole leads to slightly enlarged bandgap of M35 in comparison to the bangap of M33, but lower HOMO levels. The exact reasons for bandgap widening are unclear, which deserve further investigations. The solar cells using M35 as electron donor layer achieve a PCE of 5.6% with a Jsc of 10.9 cm /Vs, a Voc of 0.81 V, and a FF of 64%, which is higher than the PCE of 2.0% obtained from benzothiadiazole-based polymer counterpart. Film morphology investigation indicated that the uorinated polymers with suitable side chains tend to adopt an increasing "face-on" orientation to the substrate, which helps explain a signi cantly higher Jsc and FF than the non uorinated polymer counterpart.
5,6-bis(alkoxy)naphtho[2,1-b:3,4-b′]dithiophene was synthesized as building block for solar cell applications [105] [105] . Both polymer show broad absorption in the range of 450 to 750 nm, and the insertion of alkylthiophene bridges leads to red-shift of absorption maximum of M37 in comparison to that of M36, which is due to the extended conjugation length contributed by the thiophene bridges. The estimated optical bandgaps from absorption onsets are~1.64 eV for both polymers. The cyclic voltammetry investigation shows that the insertion of the thiophene bridge elevates the M37 HOMO by 0.1 eV in comparison to the polymer M36 without thiophene bridge. Bulk heterojunction polymer solar cells with structure of ITO/PEDOT (30 nm)/M36 (or M37):PC BM (1 : 2; 100 nm)/BCP (5 nm)/LiF (1 nm)/Al, where bathocuproine (BCP) was used as an exciton-blocking layer. The polymer M37 shows device performance with PCE of 5.3% with a Jsc of 13.5 mA/cm , a Voc of 0.64 V, and a FF of 62%, which is substantially higher than P36 solar cell with a Jsc of 2.76 cm /Vs, a Voc of 0.66 V, a FF of 34%, and a PCE of 0.62%. The greatly improved device performance of M37 is due to the enhanced materials solubility and nanoscale phase separation [105] . 
Conclusions and outlook
As new electron donor building blocks, naphthodithiophenes are attracting a great deal of attention for creating semiconducting materials for applications in organic electronics. The fused and extended π-conjugated structure of naphthodithiophene promotes the resulting semiconductors to achieve high degree of coplanarity, extensive π-orbital overlapping, ordered lm microstructure, and good hole mobility. BHJ solar cells show promising device performance when the naphthodithiophene materials are blended with fullerene derivatives. Among them, power conversion e ciency great than 8% has been achieved from 5,6-bis(alkoxy)naphtho[2,1-b:3,4-b′]dithiophene-containing polymer semiconductors. The results demonstrate the great potentials of naphthodithiophene for creating high performance semiconductors for solar cell applications.
Three naphthodithiophene isomers have been synthesized and incorporated into organic semiconductors. The solubilizing alkyl and alkoxy chains can be installed on various positions of naphthodithiophene cores; and the introducing of these chains o ers the materials useful solubility and processability with high molecular weight, which show great impacts on the lm morphology and microstructure. As discussed in the naphthodithiophene synthesis, various synthetic routes to these novel building blocks have been developed, but some of them are tedious and the yields are relatively low, which limits the materials accessibility. Hence, more straightforward and e cient synthetic methodologies should be developed to fully exploit the potentials of naphthodithiophenebased semiconductors. Due to its extended π-system, naphthodithiophene-based semiconductors may su er from reduced solubilities. To overcome this hurdle, the solubilizing chains on the naphthodithiophene should be wisely chosen and it is also desired that the electron acceptor counits carry additional chains to achieve enhanced solubilities. Moreover, the solubilizing side chains show great impacts on materials packing in lm state; a subtle structure modi cation exhibits dramatically changes on the materials orientation and charge carrier mobility, and therefore substantially improves the power conversion efciency. For the current naphthodithiophene-based polymers, side chain engineering and optimization should result in improved device performance in solar cells.
In comparison to the well-studied benzodithiophene, naphthodithiophene shows higher degree of versatilities towards structural modi cations. Recently, e ective synthetic strategies to construct four isomeric diaklylated angular-shape naphthodithiophenes have been developed. These naphthodithiophenes show interesting and distinctive opto-electrical properties [106] . Incorporation of these novel building blocks into donor-acceptor π-conjugated systems should enable the ne-tuning of materials property and optimize the device performance. Highly electron-de cient diimide-functionalized naphthodithiophene is designed and synthesized; [64] the incorporation of this electron de cient naphthodithiophene should a ord a class of n-channel organic semiconductors as electron-acceptor layer in solar cells. During the development of high performance benzodithiophene-based organic semiconductors, aryl-substituted benzodithiophene building block plays an important role in advancing solar cell power conversion e ciency. Aryl-substituted naphthodithiophene therefore should be desired to investi-gate. The incorporation of aryl-substituted naphthodithiophene into organic semiconductors should not only enable the fundamental studies of materials structure-propertydevice performance correlationship, but also advance power conversion e ciency.
Unlike well studied benzodithiophene-based materials, only limited electron acceptor counits have been used to construct organic semiconductors. Therefore, more electron acceptor counits should be employed to create organic semiconductors with ne-tuned opto-electrical properties to further advance solar cell performance. It is well known that the power conversion e ciency is more a device performance rather than intrinsic materials parameter. The device performance of organic solar cells is closely related to the device interface and structure. Through device engineering in parallel with materials development, the power conversion e ciency of naphthodithiophene-based semiconductors can be further optimized. We believe that naphthodithiophene will provide a wonderful platform for developing high performance organic semiconductor for solar cell applications, and we hope this overview will stimulate the research in this interesting class of semiconducting materials.
